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Abstract
We study the transverse single spin asymmetry in Drell-Yan production in pA collisions with in-
coming protons being transversely polarized. We carry out the calculation using a newly developed
hybrid approach. The polarized cross section computed in the hybrid approach is consistent with
that obtained from the usual TMD factorization at low transverse momentum as expected, whereas
at high transverse momentum, color entanglement effect is found to play a role in contributing to
the spin asymmetry of Drell-Yan production, though it is a 1/N2c suppressed effect.
PACS numbers:
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I. INTRODUCTION
Proton-nucleus(or deuteron-nucleus) collisions at RHIC provide an unique opportunity
to study saturation/Color Class Condensate(CGC) physics. Many relevant observables in
pA collisions in the forward rapidities region are excellent probes for accessing the saturated
small x gluon distributions inside nucleus. The remarkable theoretical and experimental
progress made recently in the field mostly focus on the spin independent observables, among
which the single hadron suppression and the di-hadron correlation at forward rapidities play
important roles in studying saturation physics [1]. Meanwhile, polarized proton-proton col-
lisions at RHIC have made a big impact on the investigation of the nucleon’s spin structure.
In particular, transverse single spin asymmetries(SSAs) phenomena in polarized pp collisions
have gained a lot of attentions [2], as the study of SSAs not only could help us to map out
the three dimensional image of nucleon [3], but also greatly deepened our understanding of
QCD and its associated factorization properties.
On the other hand, scattering a polarized probe on a dense background gluon field in-
side a large nucleus may provide a promising way of studying the interplay of saturation
effects and transverse spin phenomena. The authors of paper [4] have proposed to probe the
saturation scale of nucleus by measuring SSAs normalized by that in pp scattering at low
transverse momentum. It is also important to measure the SSA for prompt photon produc-
tion in polarized pA collisions in order to distinguish different mechanisms for generating the
SSA [5–7]. Furthermore, it has been shown that polarized observables are sensitive to the
slope of small x gluon transverse momentum dependent(TMD) distributions in k⊥ space [8–
10]. Measuring transverse momentum dependence of SSAs thus may provide complementary
information on small x gluon TMDs.
Polarized pA collisions also present an advantage over unpolarized pA collisions and po-
larized pp collisions in addressing one novel aspect of QCD: color entanglement effect [11].
To generate the imaginary phase necessary for the non-vanishing SSAs, one additional gluon
must be exchanged between the partonic hard part and the proton remnant. The interac-
tions of this additional gluon and the valence quark from proton with the saturated gluon
field inside nucleus lead to a very complicate color flow structure which could give rise to
color entanglement. Such effect is the consequence of nontrivial interplay among the T-odd
effect, the coherent multiple gluon re-scattering, and the non-Abelian feature of QCD. In-
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vestigating SSAs in polarized pA collisions may shed new light on the study of generalized
TMD factorization breaking effect that is caused by color entanglement. A polarized pA
collisions program at RHIC is therefore extremely welcome [12].
In this paper, we study the SSA in Drell-Yan lepton pair production at forward rapidities
in polarized pA collisions. Due to the absence of final state interactions and fragmentation
effects, the SSA in Drell-Yan process offers a very clean probe for the Sivers effect. The
contribution from the Sivers effect to the SSAs has been well formulated in the context of
TMD factorization and the collinear twist-3 approach. For the polarized pA collisions case,
to incorporate the saturation effect, we carry out the calculation in a hybrid approach in
which the nucleus is treated in the CGC framework while the collinear twist-3 formalism is
applied on the proton side. Such hybrid approach has been recently developed to study the
SSAs in prompt photon production and photon-jet production in polarized pA collisions [6,
10]. We notice that the SSA in Drell-Yan production has also been studied using a different
hybrid approach [13]. As shown below, two different hybrid approaches yield the same result
for this observable at low transverse momentum.
In a more general context, the present work is part of the effort to address the inter-
play between spin physics and saturation physics. Apart from the studies mentioned above,
recent work in this very active field includes the study of the quark Boer-Mulders distribu-
tion and the linearly polarized gluon distribution inside a large nucleus [14]. The small x
evolution equations for the linearly polarized gluon distributions were derived in Ref. [15].
The first numerical study of the linearly polarized gluon distribution was presented in [16].
Furthermore, the asymptotic behavior of transverse single spin asymmetries at small x was
discussed in Ref. [17, 18]. It has been shown that SSAs at small x are generated by the spin
dependent odderon exchange whose size is determined by the anomalous magnetic moment
of proton [18]. The quark Sivers function was computed in the Glauber-Mueller/McLerran-
Venugopalan(MV) models [19]. The spin asymmetries in pA collisions have been investigated
by going beyond the Eikonal approximation within the CGC framework [20].
The paper is structured as follows. In section II, we derive the spin dependent amplitude
using the hybrid approach, including both soft gluon pole and hard gluon pole contributions.
In section III, we present expressions for the polarized cross section in different kinematic
limits and compare our results with that obtained from different approaches which are
applicable in the corresponding kinematic regions. The paper is summarized in section IV.
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II. THE DERIVATION OF THE SPIN DEPENDENT AMPLITUDE
In this section, we derive the spin dependent amplitude for Drell-Yan production using
the newly developed hybrid approach. We start by briefly reviewing the CGC calculation
for unpolarized Drell-Yan cross section in pA collisions.
The dominant production mechanism for Drell-Yan virtual photons at forward rapidities
is Compton scattering qg → γ∗q. We fix the relevant kinematical variables and assign
4-momenta to the particles according to
q(xP ) + g(x′gP¯ + k⊥) −→ γ
∗(lγ∗) + q(lq) (1)
where P¯ µ = P¯−nµ and P µ = P+pµ with nµ and pµ being the commonly defined light
cone vectors, normalized according to p · n = 1. The Mandelstam variables are defined as:
S = (P + P¯ )2, T = (P − lq)
2 and U = (P − lγ∗)
2. The invariant mass of the produced lepton
pair is denoted as M2 = l2γ∗ . It is worthy to mention that x
′
gP¯ + k⊥ is the total momentum
transfer via multiple gluon re-scattering.
The calculation for Drell-Yan virtual photon production in unpolarized pA collisions is
rather similar to that for prompt photon production, and has been done within the CGC
framework a decade ago [21]. The key ingredient of this calculation is resumming multiple
gluon re-scattering into Wilson line which is a path-ordered gauge factor along the straight
line that extends in x+ from minus infinity to plus infinity. More precisely, for a quark with
incoming momentum l and outgoing momentum l+ k, the path-ordered gauge factor reads,
2πδ(k+)nµ[U(k⊥)− (2π)
2δ(k⊥)] , (2)
with
U(k⊥) =
∫
d2x⊥e
ik⊥·x⊥U(x⊥) , (3)
and
U(x⊥) = Pe
ig
∫
+∞
−∞
dx+A−A(x
+, x⊥)·t , (4)
where t is the generators in the fundamental representation. With this calculation recipe, it
is straightforward to obtain the cross section for unpolarized Drell-Yan lepton pair produc-
tion [21],
d3σ
dM2d2lγ∗⊥dy
=
α2emαs
3πM2Nc
∑
q
e2q
∫
dx
x
d2k⊥ H(k⊥, lγ∗⊥, z)xfq(x)x
′
gGDP (x
′
g, k⊥) (5)
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where y is the rapidity of the virtual photon. In the above formula, fq(x) is the integrated
unpolarized quark distribution from proton, and x′gGDP (x
′
g, k⊥) is the dipole type gluon
TMD, defined as,
x′gGDP (x
′
g, k⊥) =
k2⊥Nc
2π2αs
∫
d2x⊥d
2y⊥
(2π)2
eik⊥·(y⊥−x⊥)
1
Nc
〈Tr
[
U(x⊥)U
†(y⊥)
]
〉x′g (6)
The hard part H(k⊥, lγ∗⊥, z) is given by,
H(k⊥, lγ∗⊥, z) = [1 + (1− z)
2]
z2
[(lγ∗⊥ − zk⊥)2 + ǫ2M ]
[
l2γ∗⊥ + ǫ
2
M
]
−z2ǫ2M
1
k2⊥
[
1
l2γ∗⊥ + ǫ
2
M
−
1
(lγ∗⊥ − zk⊥)2 + ǫ2M
]2
(7)
where z ≡ lγ∗ · n/(xP · n) is the fraction of the incoming quark momentum xP carried by
the virtual photon, and ǫ2M = (1− z)M
2. lγ∗⊥ is the virtual photon transverse momentum.
The connections between the above Drell-Yan cross section derived in the CGC framework
and those from the TMD factorization and the collinear factorization have been discussed
in paper [13].
We now move on to derive the spin dependent amplitude of Drell-Yan production. To
generate the spin asymmetry, one additional gluon must be exchanged between the active
partons and the remnant part of the polarized proton projectile. In the collinear twist-3
approach, the associated soft part is described by the three parton correlator: the ETQS
function [22, 23],
TF,q(x1, x) =
∫
dy−1 dy
−
2
4π
eix1P
+y−
1
+i(x−x1)P+y−
×〈P, S⊥|ψ¯q(0)γ
+gǫS⊥σnpF +σ (y
−)ψq(y
−
1 )|P, S⊥〉 (8)
where we have suppressed Wilson lines. S⊥ denotes the proton transverse spin vector.
As mentioned above, we derive the spin dependent amplitude using a hybrid approach
which is formulated in the covariant gauge. The additional exchanged gluon is longitudinally
polarized in such covariant gauge calculation. Unlike a quark scattering off the classical
color field of nucleus, the multiple scattering of this longitudinally polarized gluon with
the background gluon field of nucleus can not be simply described by a Wilson line in the
CGC formalism. Instead, the expression for the gauge field created through the fusion of
the incoming longitudinally polarized gluon from the proton and small x gluons from the
5
Asing
A
sing
(j)(i)
A
sing
(k)
A
sing
A
sing
(m)
A
sing
(n)
A
sing
(o)
A
sing
(p)
(l)
A
reg
A
reg
(b)(a)
A
reg
()
A
reg
(e)
A
reg
(f)
A
reg
(g)
A
reg
(h)
(d)
A
reg
FIG. 1: Diagrams contributing to the spin dependent Drell-Yan lepton pair production amplitude.
Different symbols indicate different parts of the classical gluon field. A black dot denotes Areg or
Asing, while a cross surrounded with a circle denotes AA. Diagrams Fig.1a, Fig.1b, Fig.1d, Fig.1e,
Fig.1f, and Fig.1i-Fig.1p generate the soft gluon pole contribution. Diagrams Fig.1a-Fig.1d and
Fig.1i-Fig.1l give rise to the hard gluon pole contribution.
nucleus takes a quite complicate form, and contains both singular terms (proportional to
δ(x+)) and regular terms [24],
Aµ(q) = Aµreg(q) + δ
µ−A−sing(q) . (9)
The regular terms Aµreg are given by
Aµreg = A
µ
p
+
ig
q2 + iq+ǫ
∫
d2p⊥
(2π)2
{
CµU(q, p⊥)
[
U˜(k⊥)− (2π)
2δ(k⊥)
]
+ CµV,reg(q)
[
V˜ (k⊥)− (2π)
2δ(k⊥)
]} ρp(p⊥)
p2⊥
(10)
where ρp(p⊥) is the color source distribution inside a proton, and A
µ
p is the gauge field created
by the proton alone. In the second term of the formula 10, p⊥ is the momentum carried
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by the incoming gluon from the proton and k⊥ defined as k⊥ = q⊥ − p⊥ is the momentum
coming from the nucleus. For the polarized case, there exists a correlation between the
transverse momentum p⊥ and the transverse proton spin vector S⊥. Such a correlation is
described by the ETQS function, and leads to a SSA for direct photon production [6] as well
as Drell-Yan lepton pair production. The four vectors CµU(q, p⊥) and C
µ
V,reg are given by the
following relations,
C+U (q, p⊥) = −
p2⊥
q− + iǫ
, C−U (q, p⊥) =
k2⊥ − q
2
⊥
q+ + iǫ
, C iU(q, p⊥) = −2p
i
⊥ (11)
CµV,reg(q) = 2q
µ − δ−µ
q2
q+ + iǫ
(12)
where the subscript ′reg′ indicates that the corresponding term of Aµ does not contain any
δ(x+) when expressed in coordinate space. Here, we specified the q+ pole structure according
to the fact that this term arises from an initial state interaction. It is crucial to keep the
imaginary part of this pole in order to generate the non-vanishing spin asymmetry. The
notation p⊥ is used to denote four dimension vector with p
2
⊥ = −p
2
⊥. U˜(k⊥) and V˜ (k⊥) are
the Fourier transform of Wilson lines in the adjoint representation,
U˜(k⊥) =
∫
d2x⊥e
ik⊥·x⊥Pexp
[
ig
∫ +∞
−∞
dz+A−A(z
+, x⊥) · T
]
, (13)
V˜ (k⊥) =
∫
d2x⊥e
ik⊥·x⊥Pexp
[
i
g
2
∫ +∞
−∞
dz+A−A(z
+, x⊥) · T
]
(14)
where the T are the generators of the adjoint representation. The singular terms reads,
A−sing(q) = −
ig
q+ + iǫ
∫
d2p⊥
(2π)2
[
V˜ (k⊥)− (2π)
2δ(k⊥)
] ρp(p⊥)
p2⊥
(15)
The peculiar Wilson line V˜ differs from the normal one U˜ by a factor 1/2 in the exponent. It
appears to be a generic feature that all terms containing V˜ cancel eventually when computing
a physical observable [6, 10, 24, 25].
Following the method outlined in Ref. [25], one has to calculate the contributions from
the regular terms and the singular terms separately. In the prompt photon production case,
the imaginary phase necessary for non-vanishing SSAs is generated from the soft gluon pole
while for Drell-Yan production, the imaginary phase arises from both the soft gluon pole
and the hard gluon pole due to the existence of an additional hard scale M .
The derivation of the spin dependent amplitude which contains the soft gluon pole con-
tribution is very similar to that presented in Ref. [6]. The final expression for this amplitude
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takes form,
MSGP = −ieg
2
∫
d2p⊥
(2π)2
ρp,a(p⊥)
p2⊥
∫
dk−1 d
2k1⊥
(2π)3
u¯(lq)
×
{
ε/SF (x1P + q)
CU/ (q − k1, p⊥)
(q − k1)2 + iǫ
tbSF (x1P + k1)n/U(k1⊥)
+
CU/ (q − k1, p⊥)
(q − k1)2 + iǫ
tbSF (x1P − lγ∗ + k1)n/U(k1⊥)SF (x1P − lγ∗)ε/
+
CU/ (q − k1, p⊥)
(q − k1)2 + iǫ
tbSF (x1P − lγ∗ + k1)ε/SF (x1P + k1)n/U(k1⊥)
}
×u(x1P )
[
U˜(k⊥ − k1⊥)− (2π)
2δ(k⊥ − k1⊥)
]
ba
+ ieg2
∫
d2p⊥
(2π)2
ρp,a(p⊥)
p2⊥
∫
d2x⊥e
ik⊥·x⊥
×u¯(lq)
n/SF (x1P − lγ∗)ε/+ ε/SF (x1P + q)n/
xgP + iǫ
tbU(x⊥)u(x1P )
[
U˜(x⊥)− 1
]
ba
(16)
The hard gluon pole is generated when the quark propagator SF (x1P−lγ∗) = i
x1P/−lγ∗/
(x1P−lγ∗)
2+iǫ
goes on shell. It provides a phase proportional to δ(xg − x¯g) where xg ≡ x − x1 = x¯g =
x −M2/2P · lγ∗ . Diagrams Fig.1a-Fig.1d and Fig.1i-Fig.1l give rise to the hard gluon pole
contribution. The corresponding spin dependent amplitude reads,
MHGP = −ieg
2
∫
d2p⊥
(2π)2
ρp,a(p⊥)
p2⊥
∫
dk−1 d
2k1⊥
(2π)3
u¯(lq)
×
{
CU/ (q − k1, p⊥)
(q − k1)2 + iǫ
tbSF (x1P − lγ∗ + k1)n/U(k1⊥)SF (x1P − lγ∗)ε/
+
CU/ (q − k1, p⊥)
(q − k1)2 + iǫ
tbSF (x1P − lγ∗ + k1)ε/SF (x1P + k1)n/U(k1⊥)
}
×u(x1P )
[
U˜(k⊥ − k1⊥)− (2π)
2δ(k⊥ − k1⊥)
]
ba
+ ieg2
∫
d2p⊥
(2π)2
ρp,a(p⊥)
p2⊥
∫
d2x⊥e
ik⊥·x⊥
×
{
u¯(lq)
n/SF (x1P − lγ∗)ε/
xgP + iǫ
tbU(x⊥)u(x1P )
[
U˜(x⊥)− 1
]
ba
+iu¯(lq)p/t
aSF (x1P − lγ∗ + k)n/ [U(x⊥)− 1]SF (x1P − lγ∗)ε/u(x1P )
+iu¯(lq)n/ [U(x⊥)− 1]SF (lq − k)p/t
aSF (x1P − lγ∗)ε/u(x1P )
}
(17)
The last two terms in the above formula come from the Ap part of Areg in Fig.1b and
Fig.1c. Note that Fig.1c contains no soft gluon pole, while the soft gluon pole contribution
from Fig.1b cancel out with its conjugate diagram. With these two derived amplitudes, it
is difficult to compute the full twist-3 polarized cross section. However, in the kinematic
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regions where the collinear approach or the TMD factorization approach is applicable, the
calculation can be greatly simplified, such that we can make comparisons among different
formalisms.
III. THE SSA AT LOW AND HIGH TRANSVERSE MOMENTUM
The SSA of Drell-Yan production can be described in the context of the collinear higher
twist factorization approach at high transverse momentum k2⊥ ∼ Q
2
s ≪ l
2
γ∗⊥, and the TMD
factorization framework at low transverse momentum l2γ∗⊥ ≪ M
2. In this section, we com-
pare our hybrid approach with these two formalisms in the corresponding kinematic regions.
We first extrapolate the full amplitudes to high transverse momentum region by Taylor
expanding the hard parts in terms of k1⊥. Repeating the power counting analysis in Ref. [6]
and neglecting power suppressed contributions, the full amplitudes can be dramatically
simplified to,
MSGP ≈ −ieg
2
∫
d2p⊥
(2π)2
ρp,a(p⊥)
p2⊥
∫
d2x⊥e
ik⊥·x⊥ u¯(lq)
×
CL/ (q, p⊥)SF (x1P − lγ∗)ε/+ ε/SF (x1P + q)CL/ (q, p⊥)
q2 + iǫ
tbU(x⊥)u(x1P )
[
U˜(x⊥)− 1
]
ba
MHGP ≈ −ieg
2
∫
d2p⊥
(2π)2
ρp,a(p⊥)
p2⊥
∫
d2x⊥e
ik⊥·x⊥
×
{
u¯(lq)
CL/ (q, p⊥)SF (x1P − lγ∗)ε/
q2 + iǫ
tbU(x⊥)u(x1P )
[
U˜(x⊥)− 1
]
ba
−iu¯(lq)p/t
aSF (x1P − lγ∗ + k)n/ [U(x⊥)− 1]SF (x1P − lγ∗)ε/u(x1P )
−iu¯(lq)n/ [U(x⊥)− 1]SF (lq − k)p/t
aSF (x1P − lγ∗)ε/u(x1P )
}
(18)
where CL/ is the well known effective Lipatov vertex for the production of a gluon via the
fusion of two gluons, and given by,
CL/
q2 + iǫ
=
CU/
q2 + iǫ
−
n/
q+ + iǫ
(19)
The next step is to further expand the hard part in terms of k⊥ and keep the leading power
contribution following the method outlined in Section 3.3 in Ref. [6]. After having done
so, it becomes evident that the hard coefficient calculated from the above amplitude is the
same as that computed in the standard collinear twist-3 factorization [26]. On the other
hand, using the Fierz identity, the soft part from the nucleus side, i.e. Wilson lines, can
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be reorganized and expressed into two parts: unpolarized gluon distribution and the novel
gluon distribution G4. Collecting the hard gluon pole contribution and the soft gluon pole
contribution, we eventually obtain the following polarized differential cross section,
d∆σ
dM2d2lγ∗⊥dy
=
4πα2em
3NcSM2
αs
4π2
ǫαβ⊥ S⊥αlγ∗⊥β
∑
q
e2q
∫
dx
x
dx′g
x′g
δ(sˆ+ tˆ+ uˆ−M2)
1
−uˆ
×
{[
HBorn
(
TF,q(x, x)− x
d
dx
TF,q(x, x)
)
+NsTF,q(x, x)
] [
GDP (x
′
g)−G4(x
′
g)
]
+ TF,q(x− x¯g, x)
[
HaHGP
[
GDP (x
′
g)−G4(x
′
g)
]
+HbHGPGDP (x
′
g)
]}
(20)
where the hard coefficients are given by,
HBorn =
N2c
N2c − 1
[
−
sˆ
tˆ
−
tˆ
sˆ
−
2M2uˆ
sˆtˆ
]
(21)
Ns =
N2c
N2c − 1
M2
sˆtˆ2
[
M4 − 2M2tˆ+ uˆ2
]
(22)
HaHGP = −
N2c
N2c − 1
(M2 − tˆ)3 +M2uˆ2
sˆtˆ2
(23)
HbHGP =
sˆ
sˆ+ uˆ
(M2 − tˆ)3 +M2uˆ2
sˆtˆ2
(24)
with sˆ, uˆ, tˆ being the normal partonic Mandelstam variables. In the collinear limit l2γ∗⊥ ≫ k
2
⊥,
they can be expressed as,
sˆ =
l2γ∗⊥
(1− z)(1 − z˜)
uˆ = −
l2γ∗⊥
1− z
tˆ = −
l2γ∗⊥
1 − z˜
(25)
where z˜ is the longitudinal momentum fraction of the incoming gluons x′gP¯ carried by the vir-
tual photon. In the above formula, x′gGDP (x
′
g) and x
′
gG4(x
′
g, k⊥) are the integrated gluon dis-
tributions defined as x′gGDP (x
′
g) =
∫
d2k⊥x
′
gGDP (x
′
g, k⊥), x
′
gG4(x
′
g) =
∫
d2k⊥x
′
gG4(x
′
g, k⊥),
respectively. The gluon distribution G4(x
′
g, k⊥) possesses an unique Wilson line structure,
x′gG4(x
′
g, k⊥) =
k2⊥Nc
2π2αs
∫
d2x⊥d
2y⊥
(2π)2
eik⊥·(x⊥−y⊥)
1
N2c
〈Trc[U(x⊥)]Trc[U
†(y⊥)]〉x′g (26)
It has been shown in the MV model [27] that G4 is suppressed by the power of 1/N
2
c as
compared to the unpolarized dipole distributionGDP [6]. If we neglect these 1/N
2
c suppressed
terms that essentially arises from color entanglement effect, it is easy to see that the polarized
cross section computed in the standard collinear twist-3 approach can be recovered from our
hybrid approach.
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To compare with the result from TMD factorization, we have to further extrapolate the
above result to the moderate transverse momentum region, Q2s << l
2
γ∗⊥ << M
2 where TMD
factorization is applicable. This can be easily done by expanding the delta function,
δ(sˆ+ tˆ + uˆ−M2) =
1
sˆ
[
δ(1− z)
(1− z˜)+
+
δ(1− z˜)
(1− z)+
+ δ(1− z)δ(1− z˜)ln
M2
l2γ∗⊥
]
(27)
where only the first term proportional to δ(1−z) gives rise to the leading power contribution.
In the limit z → 1, one has |tˆ| << |uˆ| ∼ sˆ, which implies x¯g → 0. The fact that the hard
gluon pole degenerates with the soft gluon pole in this kinematic region allows us to combine
two contributions together. Substituting the above expansion into Eq. 20, one ends up with,
d∆σ
dM2d2lγ∗⊥dy
=
4πα2em
3NcSM2
αs
4π2
ǫαβ⊥ S⊥αlγ∗⊥β
l4γ∗⊥
×
∑
q
e2q
∫
dx
x
dx′g
x′g
δ(1− z)TF,q(x, x)GDP (x
′
g)
[
z˜2 + (1− z˜)2
]
(28)
which agrees with Eq.31 in Ref. [26]. As expected, all terms arising from the color entangle-
ment effect cancel out in the kinematic limit we consider. Therefore, our hybrid approach
is consistent with TMD factorization at moderate transverse momentum.
However, TMD factorization applies in a broader kinematic region: l2γ∗⊥ ≪ M
2. On
the other hand, the hybrid approach is valid as long as Λ2QCD ≪ l
2
γ∗⊥. To demonstrate the
complete equivalence between the two formalisms in the overlap region Λ2QCD ≪ l
2
γ∗⊥ ≪M
2,
it is necessary to keep k⊥ finite when computing the hard coefficients. This makes the
evaluation of the polarized cross section much more involved. Nevertheless, through the
explicit calculation, we verify that the SSA does not receive the contribution from the initial
state interaction due to the complete cancelation between the soft gluon pole contribution
and the hard gluon pole contribution in the low transverse momentum region. We are
thus left with the hard gluon pole contribution from diagrams Fig.1b and Fig.1c. The
corresponding amplitudes are give by the last two terms in Eq. 17. We further found that
the final state interaction shown in Fig.1b only yields the power suppressed contribution at
low transverse momentum. The only remaining piece is the hard gluon pole contribution
from diagram Fig.1c which can be computed following the standard procedure. The fact
that the entire surviving contribution is just due to hard pole at low transverse momentum
has also been observed in Ref. [29]. At this step, we would like to mention that the soft
part associated with the diagram Fig.1c only contains the regular Wilson line structure. In
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the end, the polarized cross section at low transverse momentum can be nicely cast into the
following compact form,
d∆σ
dM2d2lγ∗⊥dy
=
4πα2em
3NcSM2
αs
4π2
1
2
×
∑
q
e2qTF,q(ξ, ξ)
∫
dx′g
x′g
∫
d2k⊥
k2⊥
GDP (x
′
g, k⊥)ǫ
αβ
⊥ S⊥α
−∂A(k⊥, lγ∗⊥, z˜)
∂lβγ∗⊥
(29)
with A(k⊥, lγ∗⊥, z˜) being defined as,
A(k⊥, lγ∗⊥, z˜) =
[
lγ∗⊥|lγ∗⊥ − k⊥|
(1− z˜)l2γ∗⊥ + z˜(lγ∗⊥ − k⊥)
2
−
lγ∗⊥ − k⊥
|lγ∗⊥ − k⊥|
]2
(30)
The transverse momentum carried by small x gluons is of the order of the saturation scale
Qs. At moderate transverse momentum M
2 ≫ lγ∗⊥ ≫ Qs ∼ k⊥, one can Taylor expand
the hard coefficient ∂A(k⊥, lγ∗⊥, z˜)/∂l
β
γ∗⊥ in terms of k⊥. By keeping the nontrivial leading
term and neglecting the terms suppressed by the power of k⊥/lγ∗⊥, Eq. 28 can be readily
recovered from Eq. 29.
As mentioned above, the SSA for the Drell-Yan production at low transverse momentum
also can be described in the TMD factorization approach. The corresponding polarized cross
section reads,
d∆σ
dM2d2lγ∗⊥dy
=
4πα2em
3NcSM2
×
∑
q
e2q
∫
d2p⊥d
2p′⊥
ǫαβ⊥ S⊥αp⊥β
Mp
δ2(lγ∗⊥ − p⊥ − p
′
⊥)f
⊥
1T,q(x, p⊥)f¯q(x
′, p′⊥) (31)
where f⊥1T,q(x, p⊥) and f¯q(x
′, p′⊥) are the quark Sivers function and the unpolarized anti-quark
distribution from the target nucleus, respectively. At small x, the anti-quark distribution is
dynamically generated through gluon splitting process [28],
f¯q(x
′, p′⊥) =
αs
4π2
∫
dx′g
x′g
∫
d2k⊥
k2⊥
GDP (x
′
g, k⊥)A(k⊥, p
′
⊥, z˜) (32)
As argued above, the typical small x anti-quark transverse momentum p′⊥ = lγ∗⊥ − p⊥ is
of the order of Qs and much larger than the incoming quark transverse momentum p⊥ ∼
ΛQCD. After substituting Eq. 32 into Eq. 31 and carrying out the integration over p
′
⊥, we
make Taylor expansion for A(k⊥, lγ∗⊥ − p⊥, z˜) in terms of p⊥ and keep the linear term. To
make the connection between Eq. 31 and Eq. 29, one further use the well known relation
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TF,q =
∫
d2p⊥
p2
⊥
Mp
f⊥1T,q(x, p⊥) for the Drell-Yan process [30]. It is then straightforward to
reproduce Eq. 29 from Eq. 31.
We thus confirm that the hybrid approach agrees with TMD factorization for the Drell-
Yan production in the full overlap kinematical region where both the formalisms are appli-
cable. This agreement provides strong evidence that the hybrid approach is complete and
self-consistent. We notice that the equivalence between the small x formalism and the TMD
factorization approach in describing the same observable has also been verified in Ref. [13].
IV. CONCLUSION
Color entanglement effect is usually believed to be absent in the Drell-Yan process in the
context of TMD factorization because of the simple color flow structure, though a complete
consensus has not yet been reached [31]. With the help of newly developed hybrid approach,
we are able for the first time to provide a non-trivial check on this statement for the SSA
case. To be more precise, we take into account one additional gluon exchange from polarized
proton and resum gluon scattering to all orders on nucleus side using the hybrid approach.
It has been shown that in the polarized cross section, all terms arising from the color en-
tanglement effect drop out at low transverse momentum due to the systematical cancelation
between the soft gluon pole contribution and the hard gluon pole contribution. However,
at high transverse momentum, the polarized cross section computed in the hybrid approach
differs from that obtained from the standard collinear twist-3 approach by some additional
contributions whose emergence can be attributed to color entanglement. Such novel color
entanglement effect in principle could be studied at RHIC [12], though it is found to be
1/N2c suppressed and thus very small.
Acknowledgments: I would like to thank Daniel Boer for interesting conversations
about some conceptual issues. This research has been supported by BMBF (OR 06RY9191),
13
and the EU ”Ideas” program QWORK (contract 320389).
[1] I. Arsene et al. [BRAHMS Collaboration], Phys. Rev. Lett. 93, 242303 (2004). J. Adams
et al. [STAR Collaboration], Phys. Rev. Lett. 91, 072304 (2003). A. Adare et al. [PHENIX
Collaboration], Phys. Rev. Lett. 107, 172301 (2011).
[2] J. Adams et al. [STAR Collaboration], Phys. Rev. Lett. 92, 171801 (2004). S. S. Adler et
al. [PHENIX Collaboration], Phys. Rev. Lett. 95, 202001 (2005). I. Arsene et al. [BRAHMS
Collaboration], Phys. Rev. Lett. 101, 042001 (2008). B. I. Abelev et al. [STAR Collaboration],
Phys. Rev. Lett. 101, 222001 (2008).
[3] D. Boer, M. Diehl, R. Milner, R. Venugopalan, W. Vogelsang, D. Kaplan, H. Montgomery
and S. Vigdor et al., arXiv:1108.1713 [nucl-th]. A. Accardi, J. L. Albacete, M. Anselmino,
N. Armesto, E. C. Aschenauer, A. Bacchetta, D. Boer and W. Brooks et al., arXiv:1212.1701
[nucl-ex].
[4] Z. -B. Kang and F. Yuan, Phys. Rev. D 84, 034019 (2011).
[5] Y. V. Kovchegov and M. D. Sievert, Phys. Rev. D 86, 034028 (2012) [Erratum-ibid. D 86,
079906 (2012)].
[6] A. Scha¨fer and J. Zhou, Phys. Rev. D 90, no. 3, 034016 (2014).
[7] K. Kanazawa, Y. Koike, A. Metz and D. Pitonyak, Phys. Rev. D 91, no. 1, 014013 (2015).
[8] D. Boer and A. Dumitru, Phys. Lett. B 556, 33 (2003)
[9] D. Boer, A. Dumitru and A. Hayashigaki, Phys. Rev. D 74, 074018 (2006).
[10] A. Scha¨fer and J. Zhou, Phys. Rev. D 90, no. 9, 094012 (2014).
[11] T. C. Rogers and P. J. Mulders, Phys. Rev. D 81, 094006 (2010).
[12] E. C. Aschenauer, A. Bazilevsky, K. Boyle, K. O. Eyser, R. Fatemi, C. Gagliardi, M. Grosse-
Perdekamp and J. Lajoie et al., arXiv:1304.0079 [nucl-ex]. E. C. Aschenauer, A. Bazilevsky,
M. Diehl, J. Drachenberg, K. O. Eyser, R. Fatemi, C. Gagliardi and Z. Kang et al.,
arXiv:1501.01220 [nucl-ex].
[13] Z. B. Kang and B. W. Xiao, Phys. Rev. D 87, 034038 (2013).
[14] A. Metz and J. Zhou, Phys. Rev. D 84, 051503 (2011). A. Scha¨fer and J. Zhou, Phys. Rev. D
88, 074012 (2013).
[15] F. Dominguez, J. -W. Qiu, B. -W. Xiao and F. Yuan, Phys. Rev. D 85, 045003 (2012) .
14
[16] A. Dumitru and V. Skokov, arXiv:1411.6630 [hep-ph].
[17] A. Scha¨fer and J. Zhou, arXiv:1308.4961 [hep-ph].
[18] J. Zhou, Phys. Rev. D 89, 074050 (2014).
[19] Y. V. Kovchegov and M. D. Sievert, Phys. Rev. D 89, no. 5, 054035 (2014).
[20] T. Altinoluk, N. Armesto, G. Beuf, M. Martnez and C. A. Salgado, JHEP 1407, 068 (2014).
[21] F. Gelis and J. Jalilian-Marian, Phys. Rev. D 66, 094014 (2002).
[22] A. V. Efremov and O. V. Teryaev, Sov. J. Nucl. Phys. 36, 140 (1982) [Yad. Fiz. 36, 242
(1982)]; Phys. Lett. B 150, 383 (1985).
[23] J.-w. Qiu and G. F. Sterman, Phys. Rev. Lett. 67, 2264 (1991);
[24] J. P. Blaizot, F. Gelis and R. Venugopalan, Nucl. Phys. A 743, 13 (2004).
[25] J. P. Blaizot, F. Gelis and R. Venugopalan, Nucl. Phys. A 743, 57 (2004) .
[26] X. Ji, J. w. Qiu, W. Vogelsang and F. Yuan, Phys. Rev. D 73, 094017 (2006).
[27] L. D. McLerran and R. Venugopalan, Phys. Rev. D 49, 2233 (1994); Phys. Rev. D 49, 3352
(1994).
[28] L. D. McLerran and R. Venugopalan, Phys. Rev. D 59, 094002 (1999). A. H. Mueller, Nucl.
Phys. B 558, 285 (1999). C. Marquet, B. W. Xiao and F. Yuan, Phys. Lett. B 682, 207 (2009).
[29] P. G. Ratcliffe and O. V. Teryaev, hep-ph/0703293.
[30] D. Boer, P. J. Mulders and F. Pijlman, Nucl. Phys. B 667, 201 (2003).
[31] M. G. A. Buffing and P. J. Mulders, Phys. Rev. Lett. 112, 092002 (2014).
15
